heterocyclic amines formed in the crust of meat during ordinary 2 To whom correspondence should be addressed frying (1, 2) . PhIP induces lymphomas in mice, mammary Email: hf@fdir.dk carcinomas in female rats and colon carcinomas in male rats (3, 4) . PhIP is metabolically activated to a proximate mutagenic 2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) metabolite mainly by cytochrome P450 1A2-dependent oxidais a mutagenic and carcinogenic heterocyclic amine formed tion of the exocyclic amino group (5). Further activation by during ordinary cooking. PhIP is metabolically activated esterifying enzymes such as acetyltransferase and sulphoto the ultimate mutagenic metabolite by CYP P450-meditransferase is needed in order to obtain products which can ated N-hydroxylation followed by phase II esterification.
react with DNA. This results in adducts where the exocyclic Incubation of N-hydroxy-PhIP (N-OH-PhIP) with cytosol, amino group of PhIP is attached to C8 of guanine (6) (7) (8) (9) . acetyl coenzyme A (AcCoA) and 2Ј-deoxyguanosine for N-acetoxy-PhIP is also able to react with proteins, reduced 24 h resulted in the formation of three different adducts:
glutathione (GSH) and other cellular constituents resulting in N 2 -(deoxyguanosin-8-yl)-PhIP, N 2 -(guanosin-8-yl)-PhIP and unstable products, which spontaneously degrade to 5-hydroxyPhIP-xanthine. One additional product, 5-hydroxy- PhIP PhIP (5-OH-PhIP) (10). 5-OH-PhIP and its glucuronyl derivat-(5-OH-PhIP), was also identified in the incubation mixtures.
ive have been found in incubations of PhIP with hepatocytes 5-hydroxy-PhIP is formed as a degradation product of from Aroclor 1254 (PCB)-treated rats (11) . Glucuronyl and conjugates formed from N-acetoxy-PhIP and protein, sulphate derivatives of 5-OH-PhIP were also found in the bile glutathione or buffer constituents. A similar spectrum from PCB-treated rats dosed with PhIP. Rat liver microsomes of products was obtained using 3Ј-phosphoadenosine-5Ј-apparently did not catalyse the oxidation of PhIP to 5-OHphosphosulfate (PAPS) instead of acetyl CoA. Addition of PhIP directly (11) . The route of formation of 5-OH-PhIP from glutathione (3 mM) to the incubation mixture resulted in PhIP was suggested to proceed through N-hydroxylation, a 50% reduction in both adducts and 5-hydroxy-PhIP followed by esterification, reaction with thiols and hydrolysis formation in liver cytosol. The main product detected was (10, 11) . PhIP, suggesting glutathione-dependent reduction of the NMetabolic pathways of activation and detoxification of acetoxy-PhIP. Addition of glutathione to incubation chemical carcinogens vary among species and tissues and also mixtures from the other cytosolic preparations had less enzymes involved in the metabolism of chemical carcinogens dramatic effects. In addition, increasing the amount of exhibit genetic polymorphisms that affect their expression or N-OH-PhIP in the incubation mixture resulted in proporactivity. Extrapolation of cancer risk data from one species to tional increased amounts of total adducts and 5-OH-PhIP.
another, as well as evaluation of individual risk within humans, Incubation of rat and human S9 with PhIP resulted in the therefore requires the use of biomarkers that reflect the formation of only traces of 5-OH-PhIP. Fortification with bioactive dose of a chemical carcinogen (12, 13) . AcCoA clearly increased the formation of 5-OH-PhIP.
In the present study we wanted to further explore whether 
N-OH-PhIP, N-acetoxy-PhIP and N
1.6 mg PhIP dissolved in 0.25 ml 50% DMF. The animal was placed in a metabolism cage and urine was collected at 24, 48 and 72 h post-dosing. were synthesized as previously described (7) . N 2 -(guanosin-8-yl)-PhIP (G-C8-PhIP) was obtained by hydrolysis of dG-C8-PhIP in 0.1 M HCl at 95°C
Urine was stored at -20°C until analyses. Urine (0.5 ml) was diluted with 1 ml of 50 mM sodium acetate, pH 5.5, for 1 h. 5-OH-PhIP was obtained by addition of N-acetoxy-PhIP to 0.1 M sodium phosphate buffer, pH 7.6, at 37°C followed by overnight incubation and added to 200 µl of β-glucuronidase/arylsulphatase and incubated overnight at ambient temperature. The sample was applied to an activated Bond Elut at room temperature as previously described (10) . AcCoA, GSH, dG, xanthine, 3Ј-phosphoadenosine-5Ј-phosphosulphate (PAPS) and furafylline were C 18 column equilibrated with 0.1 M Tris (pH~10). The column was washed with 2 ml of 0.1 M Tris/acetonitrile (15:85) followed by 2 ml of water and obtained from Sigma (St Louis, MO). β-Glucuronidase/arylsulphatase was obtained from Roche Diagnostic (Switzerland). Human hepatic S9 (pool of eluted with 2 ml of 50 mM ammonium formate, pH 3.5/acetonitrile (2:8).
The eluate was placed in a 50°C water bath and evaporated to dryness under 15 donors) was obtained from In Vitro Technologies (Baltimore, MD). HPLC grade acetonitrile was obtained from Fisher Scientific (Loughborough, UK).
a stream of nitrogen. The residue was dissolved in 2 ml of DMF/ethyl acetate (1:4) and applied Bond Elut columns (C 18 and 2OH) were from Varian (Harbor City, CA). All other chemicals were obtained from Merck (Darmstadt, Germany) and were to a Bond Elut 2OH column equilibrated with ethyl acetate. The column was washed with 2 ml of formic acid/methanol/ethyl acetate (1:100:900) and of analytical purity.
eluted with 2 ml of formic acid/methanol (1:100). The eluate was evaporated Analytical to dryness under a stream of nitrogen, redissolved in 50 µl of 0.1% formic High performance liquid chromatography analyses were performed on a acid/DMF (1:1) and analysed by HPLC. The recovery of 5-OH-PhIP during Hewlett Packard model 1090 B liquid chromatograph equipped with a column purification (C 18 and 2OH) was 85%. photodiode array detector (Hewlett Packard, Wallbronn, Germany). Chromatographic conditions were as specified in the figure legends. The oven temperature was still unmetabolized after 1 h incubation, the amount grams obtained after 48 h incubation were almost identical to
AcCoA-and PAPS-dependent activation of N-OH-PhIP in cytosol
chromatograms obtained after 24 h incubation.
AcCoA-dependent activation of N-OH-PhIP was performed by a modification UV spectra and mass spectra with a product obtained after reaction of N-acetoxy-PhIP and xanthine (Figures 2 and 3) .
Synthesis of PhIP-xanthine
Further structural characterization of this product was not done. Xanthine (2.2 mg) was dissolved in 2 ml of 0.1 M phosphate buffer, pH 7.6, by addition of 100 µl of 0.5 M NaOH. The solution was heated to 37°C and Re-analyses of the chromatograms, constructing profiles at 0.25 mg N-acetoxy-PhIP in 300 µl of 50% DMF was added dropwise under 280 nm using stored data obtained with the diode array vigorous stirring. Incubation at 37°C was continued for 30 min. PhIP-xanthine detector, revealed that extensive degradation of dG took place was purified by HPLC and characterized by UV spectroscopy and mass during the incubations; Ͼ90% had disappeared after 24 h. The spectrometry.
catabolism of dG by cytosolic enzymes was faster in some
Urinary excretion of 5-OH-PhIP
organs than in others.
One male Wistar rat (weight~200 g) was injected with Aroclor (500 mg/kg dissolved in corn oil) i.p. After 5 days the animal received an oral dose of As dG-C8-PhIP and G-C8-PhIP were not metabolized by and degradation of dG. The amount of PhIP formed was higher in liver cytosol than in cytosols from other organs (Table I) (Table I) . in increased formation of PhIP and in an~50% reduction in the formation of both adducts and 5-OH-PhIP in liver cytosol (Table II) . Addition of GSH to cytosolic incubations from other organs had much less effect on the formation of PhIP, as well as adducts and 5-OH-PhIP. Levels of adducts and 5-OH-PhIP ranged from 67 to 100% of levels without GSH. The addition of GSH to incubations of extrahepatic cytosol also resulted in some inhibition of N-OH-PhIP metabolism, leaving up to 40% unmetabolized after 24 h. Lower levels of adducts and 5-OH-PhIP were found in cytosol from organs where GSH-dependent inhibition of N-OH-PhIP metabolism was highest.
5-OH-PhIP as a biomarker of PhIP dose
The results show that both nucleotide/nucleoside adducts of PhIP and 5-OH-PhIP are formed by AcCoA-dependent activation of N-OH-PhIP in cytosolic incubations containing dG. In hepatic cytosol the presence of GSH caused a reduction cytosolic enzymes, the appearance of three adducts in the in the amounts of both adducts and 5-OH-PhIP, formed as incubation mixture, dG-C8-PhIP, G-C8-PhIP and PhIPwell as extensive formation of PhIP. Cytosolic incubates from xanthine, seems to originate from the reaction of N-acetoxyother organs were less affected by the presence of GSH. PhIP with dG and two of its degradation products, guanine
The relationship between formation of adducts and 5-OHand xanthine.
PhIP indicates that similar routes of reaction form these The relative amounts of the reaction products formed differed products. 5-OH-PhIP, therefore, may serve as a biomarker for between cytosols from different organs. This reflects the different rates of AcCoA-dependent activation of N-OH-PhIP the formation of the ultimate mutagenic metabolite of PhIP. Values shown are mean Ϯ SD nmol/24 h (n ϭ 2, a n ϭ 1). Adducts represent the sum of G-C8-PhIP, dG-C8-PhIP and PhIP-xanthine.
In order to investigate this further, hepatic cytosol was incubated with AcCoA, dG and increasing amounts of N-OH-PhIP. The amounts of both adducts and of 5-OH-PhIP formed in the incubation mixtures increased linearly with the amount of N-OH-PhIP added to the incubation mixture ( Figure 4) . We also examined whether the formation of adducts and 5-OH-PhIP were independent of the ultimate reaction pathway. PAPS-dependent activation of N-OH-PhIP was studied in rat 
Discussion
Previously N-OH-PhIP was shown to be activated to DNAbinding intermediates by cytosolic acetyltransferase, sulphotransferase, aminoacyl-tRNA synthetase and phosphatase from humans, rats, mice and monkeys (6, 15) . In the present study we examined 5-OH-PhIP as a possible biomarker of the ultimate reactive dose of PhIP. This is based on previous information on 5-OH-PhIP formed as a degradation product after reaction of N-acetoxy-PhIP with proteins, thiols and other cellular constituents (10, 11) . Formation of PhIP nucleotide/ nucleoside adducts in parallel with 5-OH-PhIP following AcCoA-dependent activation of N-OH-PhIP was monitored in an in vitro system using cytosols from various organs of the rat. Evidence for a possible relevance of 5-OH-PhIP in vivo was provided in a preliminary study of urine from a rat dosed with PhIP. Incubation of N-OH-PhIP with cytosol from various organs, AcCoA and dG resulted in the formation of five compounds: PhIP, dG-C8-PhIP, G-C8-PhIP, PhIP-xanthine and 5-OH-PhIP; the latter was released after 24 h incubation. The appearance of substantial amounts of G-C8-PhIP and PhIP-xanthine in Control incubations showed that the presence of both enzymatic activity and AcCoA were necessary for the formation of 5-OH-PhIP and additionally the presence of dG was necessary In a preliminary in vivo experiment we examined whether 5-OH-PhIP and PhIP adducts were excreted in the urine of a for the formation of adducts. The experiment substituting AcCoA with PAPS clearly showed that the formation of PhIP-exposed rat. One male rat was dosed orally with PhIP and urine was collected after 24, 48 and 72 h. Urine samples 5-OH-PhIP and adducts were independent of the esterification pathway of N-OH-PhIP. were treated with β-glucuronidase/arylsulphatase to release conjugated metabolites and, following a two-step solid phase Addition of GSH to the incubation mixture from liver cytosol resulted in a 50% reduction in the amounts of adducts extraction, the samples were analysed by LCMS. Figure 7 shows a chromatogram of a 24 h urine sample. Three comand 5-OH-PhIP formed. PhIP was the major product (67%), indicating a GSH-dependent reduction in N-acetoxy-PhIP, pounds, 4'-OH-PhIP, PhIP and 5-OH-PhIP were identified in the sample by comparison of HPLC retention times, UV which is in accordance with previous studies (17, 18) . The simultaneously reduced formation of both 5-OH-PhIP and spectra and mass spectra with standards. The amounts of 5-OH-PhIP excreted in the urine were 71.3 nmol at 24 h, adducts indicates that these compounds are formed from the same precursor. Less effect of GSH addition to cytosolic 3.2 nmol at 48 h and 1.0 nmol at 78 h, corresponding to 1.0, 0.05 and 0.01% of the dose of PhIP. Urinary excretion of incubations from extrahepatic organs indicates less active glutathione S-transferase-mediated detoxification of N-acetoxy-G-C8-PhIP and dG-C8-PhIP, however, was below the limit of detection, even with the use of single ion monitoring.
PhIP in these organs.
